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Angiotensin-converting enzyme 2 (ACE2) is the receptor of the novel coronavirus, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of the coronavirus disease 2019
(COVID-19) pandemic. ACE2 has been shown to be down-regulated during coronaviral infection, with
implications for circulatory homeostasis. In COVID-19, pulmonary vascular dysregulation has been
observed resulting in ventilation perfusion mismatches in lung tissue, causing profound hypoxemia.

'ég’\‘/’;’[‘;r‘]isg: Despite the loss of ACE2 and raised circulating vasoconstrictor angiotensin II (Angll), COVID-19 patients
SARS- C_Ov_2 experience a vasodilative vasculopathy. This article discusses the interplay between the immune system
ACE2 and pulmonary vasculature and how SARS-CoV-2-mediated ACE2 disruption and Angll may contribute to

the novel vascular pathophysiology of COVID-19.
© 2020 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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Introduction

Angiotensin-converting enzyme 2 (ACE2) is the receptor of the
novel coronavirus, severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), responsible for the coronavirus disease 2019
(COVID-19) pandemic (Hoffmann et al, 2020). ACE2 is a
carboxypeptidase that cleaves angiotensin II (Angll) into angio-
tensin-(1-7), countering the vasoconstrictive effect of the angio-
tensin converting enzyme 1 (ACE)-Angll- angiotensin Il receptor
type 1 (AT1) axis of the renin-angiotensin system (RAS), an
essential process in maintaining circulatory homeostasis (Alex-
andre et al., 2020). Angll is a vasoconstrictive peptide catalysed
from the proteolytic cleavage of angiotensin I by ACE in the lung
that increases blood pressure (Erdos, 1976). In coronavirus disease,
ACE2 has been shown to be down-regulated in lung tissue, which
has pathophysiological implications for infected patients. Al-
though it has not been explicitly demonstrated for SARS-CoV-2, the
mechanism of viral binding and internalization of ACE2 is similar
to that of SARS-CoV and may even produce a more dramatic
depletion given the increased affinity of SARS-CoV-2 spike protein
for ACE2 (Verdecchia et al., 2020; Kuba et al., 2005; Imai et al.,
2008; Wrapp et al., 2020). ACE2 is a well-characterized regulator of
pulmonary vasodilation, postulated as a potential treatment for
pulmonary hypertension (Li et al., 2013).
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Interestingly, patients hospitalized with COVID-19 display
features of pulmonary vascular dysregulation, and while ACE2
may be down-regulated in pulmonary tissue, patients experience
increased vasodilatation as opposed to vasoconstriction. This
would also appear discordant with the observed increase in
circulating Angll. This article explores this phenomenon and
postulates how despite the classical vasodilatory property of ACE2,
its SARS-CoV-2-mediated down-regulation may have consequen-
ces beyond the RAS pathway that may shed light on this clinico-
molecular discordance.

COVID-19 pneumonia and pulmonary vasculopathy

Thus far in the coronavirus pandemic, two distinct phases of
COVID-19 acute respiratory distress syndrome (CARDS) have been
observed: type H, a more classical acute respiratory distress
syndrome picture, and type L (Gattinoni et al., 2020a; Gattinoni
et al., 2020b). In CARDS type L, patients present with generally
preserved lung mechanics with mild interstitial oedema evidenced
by ground glass opacifications on computed tomography (CT) scan.
COVID-19 patients may remain at type L and improve, or progress
to type H (Gattinoni et al., 2020b). Type L patients present with
profound hypoxaemia and show evidence of V/Q mismatch; a
dilative pulmonary vasculopathy is observed, while alveolar
ventilation is generally preserved with minimal alveolar oedema
(Fig. 1) (Gattinoni et al., 2020a; Gattinoni et al., 2020b; Marini and
Gattinoni, 2020). In terms of pulmonary physiology, excessive
pulmonary vasodilation increases blood flow across the alveoli,
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Fig. 1. Alveolar changes in CARDS type L: (A) normal lung tissue; (B) lung tissue in CARDS type L; (C) lung tissue in CARDS type H.

resulting in a decrease in the red blood cell transit time required for
gas exchange, which may account for the hypoxia in these patients
evidenced by increased right-to-left venous admixture of over 50%
(normally 4-10%) (Gattinoni et al., 2020a). Pulmonary vasodilata-
tion and congestion are also important risk factors for pulmonary

emboli, both of which are observed in COVID-19 patient autopsies
(Leisman et al., 2020).

ACE2, angiotensin II, and pulmonary vasculopathy

The clinical observation of pulmonary vasodilation in CARDS
and the presence of significantly increased Angll in COVID-19
requires further investigation (Gattinoni et al., 2020a; Liu et al.,
2020). A current theory explaining this phenomenon involves the
loss of hypoxic pulmonary vasoconstriction (HPV) (Gattinoni et al.,
2020a). The effect of Angll on HPV has been controversial; despite
its vasoconstrictive activity, Angll does not influence HPV (Hubloue
et al., 2004). Conversely, recombinant ACE2 has been shown to
counter HPV, indicating that the enzyme’s down-regulation in a
hypoxic patient should cause further vasoconstriction (Kleinsasser
et al., 2012). Additionally, Angll is elevated in patients with

Table 1

pulmonary hypertension, which should, in theory, steer the
pathophysiology of increased Angll signalling in COVID-19 towards
avasoconstrictive and pulmonary hypertensive phenotype (Maron
and Leopold, 2014). Interestingly, the conversion of Angll to
angiotensin-(1-7) may even be independent of ACE2 activity in
mice, indicating that the effect of ACE2 down-regulation, Angll up-
regulation, and pulmonary vasodilation in COVID-19 may require
investigating these proteins beyond their counter-regulatory

effects on vascular tone and even beyond vascular tissue (Serfozo
et al.,, 2020).

The immunovascular effects of ACE2 down-regulation and
angiotensin II signalling

While clinical data for COVID-19 are ever-increasing, one can
extrapolate the immunovascular effects of ACE2 and Angll
dysregulation from in vitro and in vivo data (Table 1).

In cultured EAhy926 endothelial cells (ECs), ACE2 expression
down-regulates macrophage migration inhibitory factor (MIF), a
proinflammatory cytokine with implications for the pathogenesis
of COVID-19 (Zhong et al., 2008). Interestingly, Angll has been

Effects of angiotensin-converting enzyme 2 (ACE2) down-regulation and angiotensin II (AngllI) signalling on endothelial cells and macrophages.

Effects of ACE2 down-regulation

Effects of Angiotensin II signalling

Expression Macrophages References Endothelial References Macrophages References Endothelial References
cells cells
TNFa Increased Thomas et al. Increased Thomas et al. Increased Nakamura et al. (1999), Thomas  Increased Ruiz-Ortega et al.
(2010), Thatcher (2010) etal. (2010), Thatcher et al. (2012), 2002), Nakamura
et al. (2012) Wu et al. (2020) et al. (1999)
MIF n/a Increased Zhong et al. n/a Increased Zhong et al. (2008)
(2008)
MCP1 Increased Thomas et al. Increased Thomas et al. n/a Increased Thomas et al.
(2010) (2010) (2010)
11-6 Increased Thomas et al. Increased Thomas et al. Increased Nakamura et al. (1999), Thomas Increased Thomas et al.
(2010) (2010) et al. (2010), Wu et al. (2020) (2010), Thatcher
et al. (2012)
eNOS n/a Decreased  Zhong et al. n/a Decreased  Zhong et al. (2008)
(2008), Rabelo
et al. (2016)
iNOS Increased Thomas et al. n/a Increased Nagareddy et al. (2005) Increased Vincent et al.
(2010) (2000)
MMP2/9 Increased Thomas et al. Increased Thomas et al. n/a n/a n/a
(2010) (2010)

eNOS, endothelial nitric oxide synthase; IL-6, interleukin 6; iNOS, inducible nitric oxide synthase; MCP1, monocyte chemoattractant protein 1; MIF, macrophage inhibitory
factor; MMP2/9, matrix metalloproteinase 2/9; NA, not available; TNFa, tumour necrosis factor alpha.
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shown to increase MIF expression through AT1 signalling in ECs,
and is known to be proinflammatory, inducing M1 macrophages;
thus both the loss of ACE2 and the observed increase in Angll may
bolster cytokine expression and macrophage activity in SARS-CoV-
2 infection (Zhong et al., 2008; Ruiz-Ortega et al., 2002; Nakamura
et al, 1999). Moreover, ACE2 knockout mouse models have
demonstrated significantly higher levels of interleukin 6 (IL-6),
monocyte chemoattractant protein 1 (MCP1), matrix metal-
loproteinases 2 and 9 (MMP2/9), and tumour necrosis factor
alpha (TNFa) in ECs, which are only further exacerbated by
atherosclerosis, which is a risk factor for COVID-19 morbidity
(Thomas et al., 2010; Bonow et al., 2020). Loss of ACE2 has also
been shown to upregulate proinflammatory, vasodilative [Au?1]
bradykinin signalling through the bradykinin B1 receptor (BKB1R),
which also implicates the des-Arg bradykinin pathway in COVID-
19 pulmonary vasodilation (Sodhi et al., 2018). ACE2 knockout ECs
have also demonstrated increased responsiveness to TNFa, which
leads to endothelial damage Thomas et al, 2010). Another
knockout study in bone marrow resulted in increased expression
of the macrophage markers F4/80, as well as TNFa (Thatcher et al.,
2012). A SARS-CoV-2-mediated down-regulation of ACE2 in
macrophages may produce a similar TNFa-mediated proinflam-
matory, vasodilatory effect, which is further exacerbated by both
ACE2 disinhibition and Angll-mediated enhancement of vascular
MIF and MCP1 expression and TNFa reactivity.

Interestingly, Angll, MIF, and TNFua are involved in vascular
dysregulation and macrophage nitric oxide (NO) production,
which implicates these molecules in CARDS pulmonary vascul-
opathy (Zhong et al., 2008; Riches et al., 1996; Wu et al., 2020;
Nagareddy et al., 2005). ACE2 deficiency has also been shown to
increase vascular smooth muscle reactivity to NO, and while TNF«

overall supresses EC nitric oxide synthase (eNOS) activity, it
remains an important inducer of NO production in Th1 responding
macrophages. Moreover, TNFa and its induction of nitric oxide
synthase (iNOS) and NO have pivotal roles in inducing vasodilatory
shock (Fonseca et al., 2003; Rabelo et al., 2016; Vincent et al.,
2000). This indicates that NO production in early COVID-19 disease
by macrophages, combined with cytokine-mediated vascular
injury potentiated by ACE2 down-regulation, increased Angll
signalling, and viral EC lysis, may contribute to COVID-19
pulmonary vasculopathy (Fig. 2) (Kodukula et al., 1999; Merad
and Martin, 2020). This immunovascular model of COVID-19
pathogenesis may also partially explain the effectiveness of
immunosuppressive dexamethasone in COVID-19 patients requir-
ing respiratory support (Horby et al., 2020).

ACE inhibitors and angiotensin receptor blockade

In the model presented, one cannot discuss the RAS system
without addressing the effects of ACE inhibitors (ACEIs) and
angiotensin receptor blockers (ARBs) in COVID-19. Due to elevated
circulating Angll in COVID-19, one would assume that modulators
of the RAS system could be beneficial to limit the inflammatory
effects of Angll and may increase the expression of cytoprotective
ACE2 (Vaduganathan et al., 2020). In the immunovascular model
presented, their use would be a double-edged sword, in that AT1
blockade or decreased Angll production would indeed decrease
proinflammatory Angll signalling, however this may exacerbate
the observed pulmonary vasodilation and worsen hypoxemia in
CARDS type L. Therefore further studies assessing these drugs
should distinguish these two types of coronaviral disease, as
inflammation may play a larger role in CARDS type H (Gattinoni
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Fig. 2. Mechanism of angiotensin-converting enzyme 2 (ACE2) and angiotensin II (Angll) contribution to pulmonary vasculopathy.
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et al., 2020b). Lastly, there is both conflicting and insufficient
evidence for the effects of ACEIs and ARBs on pulmonary ACE2
levels (Vaduganathan et al., 2020). Assuming these drugs increase
ACE2, as several studies indicate, the theoretical increase in
membrane-bound ACE2 would be protective against pulmonary
and vascular injury, however it would also provide more binding
sites for new virions and may facilitate the spread of the infection
(Vaduganathan et al., 2020). Given the uncertainty in the literature
and the possible risks and benefits of RAS modulation highlighted
in this disease model, it is difficult to determine a precise role for
RAS modulation in COVID-19 other than controlling important
morbidity risk factors, namely hypertension and heart failure
(Vaduganathan et al., 2020).

Conclusions

SARS-CoV-2 is a novel coronavirus displaying unprecedented
clinical presentations with unique pathophysiology. Here, an
immunovascular theory is postulated for pulmonary vasculopathy
from SARS-CoV-2-mediated ACE2 down-regulation, resulting in
vasodilatory signalling loops between ACE2-deficient macro-
phages, ACE2-deficient vessels, and enhanced Angll signalling,
mediated by MIF, TNFa, and iNOS. While trials are underway
targeting these pathways in COVID-19 patients (TNFa:
NCT04425538; MIF: NCT04429555; dexamethasone:
NCT04381936), we call for further investigation into this
phenomenon in the hopes of increasing the understanding of
COVID-19 and its pathophysiology.
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